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The nuclear receptor SpCOUP-TF is the highly conserved sea urchin homologue of the COUP family of transcription
factors. Previous results from our laboratory demonstrated that SpCOUP-TF transcripts are localized in the egg and
asymmetrically distributed in the early embryonic blastomeres (A. Vlahou et al., 1996, Development 122, 521–526). To
examine the subcellular localization of SpCOUP-TF protein, polyclonal antibodies were separately raised against the
divergent N-terminus as well as the conserved DNA-binding and ligand-binding domains. Immunohistochemical analyses
suggest that SpCOUP-TF is a maternal protein residing in the cytoplasm of the unfertilized egg. After fertilization, and as
soon as the two-cell-stage embryo, most of the receptor translocates from the cytoplasm to the cell nuclei. During the rapid
embryonic cell division, SpCOUP-TF was found to shuttle from the interphase nuclear periphery to the condensed
chromosomes in mitosis, in a cell-cycle-dependent manner. In an attempt to confirm these observations, the subcellular
localization of myc-tagged human COUP-TF I introduced into the sea urchin embryo by RNA injection of fertilized eggs was
examined. The pattern of human COUP-TF I subcellular localization, detected with a monoclonal myc antibody,
recapitulated the essential features described for the endogenous SpCOUP-TF trafficking. Replacement of the N-terminus
of the human receptor with the unique sea urchin N-terminus enhanced its localization to the nuclear rim during
interphase. Deletion of the DNA-binding domain of human COUP-TF I resulted in loss of all aspects of nuclear periphery
and chromosomal localization. Taken together these data suggest that SpCOUP-TF transcriptional activity is keyed on a
cell-cycle-dependent mechanism that regulates chromosomal protein traffic. © 2000 Academic Press
Key Words: COUP-TF; sea urchin; embryonic development; cell cycle; maternal transcription factor; orphan nuclear
receptor; chromosomal localization; subcellular trafficking.s
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The COUP transcription factor is an orphan member of
the steroid–thyroid–retinoic acid, nuclear receptor super-
family (Evans, 1988; Green and Chambon, 1988). Ortho-
logues of the human COUP-TF I gene (Wang et al., 1989)
have been isolated from both vertebrate and invertebrate
phyla (Mlodzik et al., 1990; Chan et al., 1992; Matharu and
Sweeney, 1992; Fjose et al., 1993; Lutz et al., 1994; for
ecent review see Tsai and Tsai, 1997). The highly pro-
ounced sequence similarity of COUP-TFs suggests that
he function of these transcription factors has been con-
1 Present address: Department of Microbiology and Immunology,
Eastern Virginia Medical School, W. Olney Road, Norfolk, VA
23507.
2 To whom correspondence should be addressed at present ad-
tress: Department of Biology, University of Patras, Patras, Greece.
284erved in various species. The Strongylocentrotus purpura-
us SpCOUP-TF is 96 and 92% identical to the human
OUP-TF I within the DNA- and ligand-binding domains,
espectively (Chan et al., 1992); however, the sea urchin
rotein contains a divergent N-terminal domain absent in
he mammalian proteins.
The COUP-TFs appear to play an essential role during
mbryogenesis (Mlodzik et al., 1990). The fruit fly, ze-
rafish, frog, chicken, and mouse homologues are all ex-
ressed predominantly in the developing nervous system
Mlodzik et al., 1990; Fjose et al., 1993; Lutz et al., 1994;
iu et al., 1994a). Injections of COUP-TF RNAs in Xenopus
mbryos resulted in truncations of the nervous system
Schuh and Kimelman, 1995), whereas homozygous mu-
ants of the Drosophila COUP-TF homologue svp are le-
hal. COUP-TFs have been shown to regulate a wide spec-
rum of promoters containing the AGGTCA motif as a
0012-1606/00 $35.00
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285Intracellular Movements of COUP-TF in Embryonic Cellsdirect repeat or palindrome (for reviews see Qiu et al.,
1994b; Pereira et al., 1995; Tsai and Tsai, 1997). In most
ases, COUP-TFs act as repressors, downregulating both
he basal activity and the ligand-dependent transactivation
f target genes by other members of the steroid/thyroid
eceptor superfamily (Cooney et al., 1993; Ladias and
arathanasis, 1991; Mietus-Snyder et al., 1992; Ben-
hushan et al., 1995).
SpCOUP-TF mRNA has been detected in all embryonic
tages of the sea urchin and it is also present in the maternal
ool of transcripts stored in the unfertilized egg (Chan et al.,
992). Maternal SpCOUP-TF mRNA is asymmetrically
istributed in sea urchin oocytes and eggs showing a higher
ensity at one side of the cortex (Vlahou et al., 1996), and
uring the first cleavages, the mRNA is distributed un-
qually to the embryonic blastomeres detected at the 16-
ell stage in mesomeres and macromeres located at one side
f the embryo, lateral to the animal/vegetal axis. At gas-
rula stage, SpCOUP-TF transcripts are confined to blas-
omeres belonging to the oral ectoderm territory, and at the
luteus larva, they are detected exclusively in the neuro-
enic ciliated band and the supraanal ectoderm (Vlahou et
l., 1996).
One target gene for SpCOUP-TF, during early embryogen-
sis, appears to be the aboral ectoderm-specific actin gene
yIIIb (Flytzanis et al., 1989). The CyIIIb regulatory region
ontains a nuclear receptor response element (C1R, Nie-
eyer and Flytzanis, 1993) specifically recognized and
ound in vitro by COUP-TF (Chan et al., 1992) and by
pSHR2, another sea urchin member of the nuclear receptor
amily (Kontrogianni-Konstantopoulos et al., 1996). This
lement is necessary for the spatially restricted expression
f the CyIIIb actin gene in the aboral ectoderm (Xu et al.,
996).
In order to elucidate the function of this orphan receptor
n the sea urchin, we studied the intracellular distribution
f SpCOUP-TF at the early embryonic stages. Our studies
how that the maternal SpCOUP-TF protein present in the
ocyte and mature unfertilized egg is confined to the ovum
ytoplasm. Following fertilization, most of the protein
ranslocates from the cytoplasm to the blastomeric nuclei.
n early cleavage embryos, SpCOUP-TF shuttles from the
nterphase nuclear rim to the mitotic chromosomes in a
ell-cycle-dependent manner. This intriguing intracellular
istribution of SpCOUP-TF points to a novel mechanism
hat couples transcription factor utilization with the cell
ycle in the early embryo, during a period when important
pecification events are taking place.
MATERIALS AND METHODS
Sea Urchin Embryonic Cultures
S. purpuratus adults were purchased from Pacific Biomarine
(Long Beach, CA). Release of gametes was induced by intracoelo-
mic injection of 0.5 M KCl. Embryos were cultured in Millipore-
filtered sea water containing penicillin (3 3 104 units/liter) and
Copyright © 2000 by Academic Press. All righttreptomycin (50 mg/liter). In the experiments where early em-
ryos (2- to 60-cell stage) were collected for immunocytochemistry,
he eggs were treated prior to fertilization, with 3-amino-1,2,4-
riazole (Sigma) to remove the fertilization envelope.
Production of Polyclonal Antibodies
DNA fragments spanning nucleotides 593–980 (antigen-N), 653–
1210 (antigen-D), and 120–630 (antigen-L) from the two
SpCOUP-TF genomic clones (Chan et al., 1992) were PCR ampli-
fied and inserted in the EcoRI site of the PGEX-3A vector (Phar-
macia), in frame with the glutathione S-transferase gene. Host
bacteria (K12-TB1) carrying the recombinant constructs were
grown at 37°C until log phase and induced with 0.3 M IPTG to
express the fusion proteins. Following a 4- to 6-h induction period,
bacteria were harvested and processed for protein purification as
previously described (Smith and Johnson, 1988), with the following
modifications: Cells were lysed by mild sonication in TNE buffer
(10 mM Tris, pH 8.0, 1 mM EDTA, 140 mM NaCl), which in the
case of the antigen-L purification, contained 1.5% sarcosyl and 5
mM DTT. Following removal of the insoluble matter by centrifu-
gation, crude protein extracts were passed through two successive
columns of glutathione agarose beads (Sigma) prepared according to
the manufacturer’s instructions. The columns were washed with
20 bed vol of PBS (137 mM NaCl, 27 mM KCl, 4.3 mM
Na2HPO4z7H2O, 1.4 mM KH2PO4), and fusion proteins were eluted
y competition with free glutathione (10 mM glutathione in 50
M Tris, pH 8.0). The fractions containing fusion protein were
dentified by SDS gel electrophoresis (Laemmli, 1970) and concen-
rated using Centricon 10 columns (Amicon). To generate the
olyclonal antibodies, 150–250 mg of the purified proteins was
ixed with Freund’s adjuvant and injected intradermally into
abbits. Four additional injections were performed at 2-week inter-
als. Serum was collected after each boost and the sera were tested
y immunoblot of sea urchin embryonic protein extracts and
LISA.
Immunoblot Analysis
At the desired stage of development, embryos were harvested,
washed twice with Ca21/Mg21-free sea water and the final pellet
resuspended in 23 SDS sample buffer (Laemmli, 1970). Total
protein extracts from approximately 10,000 embryos were loaded
on each lane and electrophoresed in 10% polyacrylamide gel
(Laemmli, 1970). Gel was electroblotted onto nitrocellulose mem-
brane and immunoblot was carried out using the immunoblot
assay kit (Bio-Rad) according to the manufacturer’s instructions.
SpCOUP-TF Abs were used at a 1:1000 dilution and incubated with
the membrane for at least 1 h. Immunoreactive bands were
visualized using the horseradish peroxidase detection system (Bio-
Rad).
Immunoprecipitation
The plasmid psp72 containing the mouse COUP-TF cDNA
(mCOUP-TF) was linearized with EcoRV and in vitro transcribed
using the Sp6 kit (Ambion) and the RNA was in vitro translated
with the use of a rabbit reticulocyte extract (Promega) in the
presence of [35S]methionine (Amersham). For the immunoprecipi-
tation assay, one-half of the translation reaction mixture was
incubated with 1 ml of the sera in TSNDT buffer (20 mM Tris, pH
7.4, 0.1% SDS, 1% NaCl, 1% deoxycholate, 1% Triton) for 3 h at
s of reproduction in any form reserved.
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286 Vlahou and Flytzanis4°C. After incubation with Staphylococcus aureus cells (Calbio-
chem) for 1 h at 4°C, and two washes by centrifugation through a
sucrose cushion (1 M sucrose, 20 mM EDTA, 1% deoxycholate, 1%
Triton, 1% NaCl, 20 mM Tris, pH 7.4), the complexes were
resuspended in SDS sample buffer (Laemmli, 1970). Samples were
then loaded on a 10% acrylamide gel and the proteins visualized by
autoradiography.
Indirect Whole Mount Immunofluorescence
S. purpuratus eggs and embryos were fixed with cold methanol
for 30 min on ice and then conserved in PBS (10 mM PB, pH 7.2,
150 mM NaCl) at 4°C. Subsequent steps were performed at room
temperature, in 1.5-ml Eppendorf tubes. Nonspecific binding
sites were blocked by incubating the embryos in 2% bovine
serum albumin (Sigma), 2% goat serum (Vectastain), and 0.1%
Tween 20 in PBS, for 4 h (in the case of antibody (Ab)-D blockage
took place O/N). The same buffer was used for the dilutions of
the antisera. Ab-L was used at 1:6000 dilution for eggs, at 1:1000
dilution for 2- to 60-cell-stage embryos, and at 1:300 dilution for
antibody D. Purified total immunoglobulins from Ab-L and
Ab-N sera (E-Z-SEP; Pharmacia) were used at 1:50 dilution in the
same buffer. The mouse monoclonal anti-myc antibody (Santa
Cruz Biotechnology) was used at a dilution of 1:100. The
embryos were incubated in the presence of the antibodies for at
least 3 h. For the double-labeling experiments, tubulin and lamin
antibodies at 1:5 and 1:250 dilutions respectively in blocking
buffer were mixed with Ab-L and added to the embryos. Follow-
ing extensive washes with PBS plus 0.1% Tween 20, embryos
were incubated for 1 h with the appropriate secondary antibody:
goat anti-rabbit–FITC (Pierce) at 1:250 dilution, goat anti-
mouse–Texas red (Sigma) at 1:600 dilution, goat anti-chicken–
FITC (KPL) at 1:70 dilution, and goat anti-rabbit–Texas red
(Pierce) at 1:150 dilution in antibody buffer. In all double-
labeling experiments, secondary antibodies were mixed and
added concomitantly to the embryos. Cross-reaction between
the secondary antibodies was ruled out in tests with heterolo-
gous secondary antibodies. Nonspecifically bound secondary
antibodies were removed by three washes of the embryos in PBS
plus 0.1% Tween 20. DNA staining was performed by including
Hoechst 33342 in the buffer of the final wash at 0.5 mg/ml and
incubating the embryos for 10 min. For the competition experi-
ment, 1 ml of Ab-L was preincubated with 10 mg of Ag-L in 100
l PBS for 3 h at room temperature. Before incubation with the
mbryos, the volume of the mixture was increased with anti-
ody buffer to obtain the final 1:1000 dilution of Ab-L. Embryos
ere finally mounted in medium containing 0.1% phenylenedi-
mine in 1:9 (v/v) PBS:glycerol and analyzed by confocal or
pifluorescent microscopy.
Confocal-Epifluorescent Microscopy
Confocal microscopy was performed using a krypton–argon
dual-line laser microscope (LSM2001, Molecular Dynamics,
Sunnyvale, CA). Emission wavelengths for fluorescein and Texas
red were 488 and 543 nm respectively. In double-labeling experi-
ments each signal was collected separately utilizing the respective
emission, and images corresponding to the same sections were
merged after their collection. In these experiments no bleed or
crossover between channels was observed. Conditions for image
capture were as follows: Image size was 1024 3 1024, attenuation
was 30% (10% for the injected embryos), and thickness of sections
Copyright © 2000 by Academic Press. All rightwas 1 mm. Confocal images shown correspond to single sections
and the objectives utilized for their observation are described in the
figure legends (magnification 310).
Observation and collection of data by epifluorescent microscopy
were performed using a Zeiss Axiophot and a three-chip
Hamamatsu CCD. Eight-bit data were collected using a Twain
driver connecting the camera to a personal computer. In all cases,
images were processed by Adobe Photoshop and any change in
contrast, background, or intensity was equally applied to all
images.
Generation of myc-Tagged COUP-TF Constructs
hCOUP-TF, DCOUP-TF, and DDCOUP-TF subcloned in the
pSp64T vector were digested with ClaI and XbaI as follows:
Plasmids were first digested with ClaI and the overhangs were
filled up by Klenow’s PolI in the presence of 0.04 mM de-
oxynucleotides. Enzymes were heat inactivated (75°C for 10
min) and XbaI was subsequently added to the same reaction
mixture. In a similar way, the pCDNA3-myc vector (Wilson et
al., 1997) was first digested with XhoI, blunt ended with Kle-
ow’s, and subsequently digested with XbaI. Following the
ermination of the second digestions, the COUP-TF and
CDNA3-myc fragments were gel purified using the Geneclean
NA purification kit (ISC) and ligated. To prepare the
COUP-TF construct, the N-terminus of hCOUP-TFI was sub-
tituted for the N-terminus of SpCOUP-TF. Following gel puri-
cation, PCR-amplified fragments (hCOUP-TFI from nucleo-
ides 259 –1287 in the pFLCOUP-TFI plasmid and SpCOUP-TF
rom nucleotides 580 –984 in pHK3 plasmid, Chan et al., 1992)
ere digested with the appropriate restriction enzymes and
igated. This ligation mixture was subsequently used as tem-
late in a PCR reaction in the presence of the upstream primer
f SpCOUP-TF and the downstream primer of hCOUP-TF. The
mplified fusion fragment was then double digested and ligated
o the pCDNA3-myc vector. Constructs with the inserted frag-
ents in the correct reading frame (identified by DNA sequenc-
ng) were then purified in large quantities by CsCl gradient
entrifugation.
Production of RNAs for Injections
One microgram of linear DNA template was in vitro transcribed
using the Transcription message machine kit of Ambion according
to the manufacturer’s instructions. A trace of radioactive [32P]UTP
(Amersham) was included in the reaction mixture for subsequent
estimation of the amount of synthesized RNA. The RNA was
purified by phenol–chloroform extraction and separated from un-
incorporated nucleotides by G-50 Sephadex chromatography. The
RNA samples were maintained in EtOH at 220°C and the needed
amount was precipitated immediately before use. The size and
quality of synthesized RNAs were tested using denaturing poly-
acrylamide gel electrophoresis (4.5% acrylamide, 50% urea, 13
Mops). In vitro translation using the Promega reticulocyte system
and SDS–PAGE were used to demonstrate that the proteins en-
coded by the synthetic RNAs were the correct size. RNAs were
microinjected into S. purpuratus eggs at a concentration of 0.25
mg/ml in 40% glycerol using the techniques developed by McMa-
hon et al. (1985) and Flytzanis et al. (1985).
s of reproduction in any form reserved.
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287Intracellular Movements of COUP-TF in Embryonic CellsRESULTS
SpCOUP-TF Antibodies
Three different coding fragments of SpCOUP-TF were
fused to the glutathione S-transferase gene to produce
recombinant proteins in bacteria (Fig. 1A). These include
the N-terminus of SpCOUP-TF (antigen-N, amino acids
5–139), a fragment that spans 118 amino acids of the
N-terminus and the 66 amino acids of the DNA-binding
domain (antigen-D, amino acids 25–209), and the second
exon of the SpCOUP-TF gene (Chan et al., 1992), which
encompasses most of the ligand-binding domain (antigen-L,
amino acids 211–380). The three antigens were purified by
affinity chromatography and injected into rabbits for the
generation of polyclonal antibodies. We refer to the ob-
tained sera as Ab-N, Ab-D, and Ab-L, respectively. All three
antibodies recognized a polypeptide with the same relative
molecular mass close to that predicted for SpCOUP-TF (76
kDa) in immunoblots of total embryonic proteins (Fig. 1B).
Ab-L also recognized a 32-kDa band (Fig. 1B, lane 2) which,
similar to the 76-kDa band, was competed by Ag-L in
immunodepletion experiments (data not shown). Therefore,
this smaller band is considered a degradation fragment that
spans the C-terminus of SpCOUP-TF.
As expected from the high degree of LBD homology, Ab-L
cross-react with COUP-TFs from other species. Thus,
Ab-L immunoprecipitated the in vitro translated mouse
COUP-TF (mCOUP-TF; Fig. 2A, lanes 1 and 2). In contrast,
FIG. 1. (A) Regions of SpCOUP-TF used for the generation of poly
epicted (adapted from Forman and Samuels, 1990). Regions A/B, C
pCOUP-TF, respectively. The first and last amino acids residues
f the arrows. (B) Immunoblot of total protein extracts from gastru
b-L (lane 2), and Ab-D (lane 3) recognize the same size band withAb-N and Ab-D did not recognize the mCOUP-TF (Fig. 2A, C
Copyright © 2000 by Academic Press. All rightanes 4 and 5). Besides the immunoprecipitation, Ab-L
pecifically reacts with in vitro translated mouse COUP-TF
ound to its response element. Addition of Ab-L resulted in
upershift of the specific complex formed by mCOUP-TF
nd the DR1 COUP-TF response element (not shown). The
pecificity of Ab-L for native COUP-TF protein was tested
ith HeLa nuclear extracts. In an electrophoretic mobility
hift assay (EMSA), addition of Ab-L to HeLa nuclear
roteins bound to the DR1 COUP-TF response element
Cooney et al., 1992) resulted in a supershift of the specific
omplex (Fig. 2B, lane 6, arrow). This complex was com-
eted by unlabeled DR1 (Fig. 2B, lane 3). A similar super-
hift was observed with addition of the antibody raised
gainst the human hCOUP-TF (Fig. 2B, lane 4). Thus, Ab-L
pecifically reacts with the human COUP-TF as well. Ab-N
nd Ab-D were not able to supershift the hCOUP-TF-
pecific complex (Fig. 2B, lanes 7 and 8). The inability of
b-N to immunoreact with the mammalian COUP-TFs
as expected, due to the uniqueness of the SpCOUP-TF
mino terminus. Since the DNA-binding domains of the
ammalian and sea urchin proteins are extremely homolo-
ous, the negative result obtained with Ab-D may indicate
hat the segment of the DNA-binding domain, which was
ncluded in Ag-D, was not antigenic, perhaps because of the
igh degree of this domain’s homology within species.
hus, Ab-D may also be considered a N-terminus-specific
ntibody, similar to Ab-N. This is shown later (Fig. 9). All
he above experiments attest to the specificity of the
al antibodies into rabbits. The domain structure of the receptor is
and E encompass the N-terminus, DBD, hinge region, and LBD of
ch fragment are denoted by the numbers at the beginning and end
ge embryos with the three SpCOUP-TF antibodies. Ab-N (lane 1),
lative molecular mass of 76 kDa (arrow).clon
, D,
of ea
la sta
a reOUP-TF antibodies used in this study.
s of reproduction in any form reserved.
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288 Vlahou and FlytzanisSpCOUP-TF Translocates to the Nucleus after
Fertilization
Detection of SpCOUP-TF in the early embryos of S.
urpuratus was achieved by whole mount indirect immu-
ofluorescence and optical sectioning of the embryos by
onfocal laser scanning microscopy. Using this technique,
pCOUP-TF was detected in the unfertilized eggs as speck-
ed, rather than a diffuse, staining throughout the cyto-
lasm of oocytes and eggs (Figs. 3A and 3B). In the mature
ggs, SpCOUP-TF staining was not observed in the pro-
FIG. 2. (A) Immunoprecipitation of mCOUP-TF with Ab-L. In v
arrowhead), is immunoprecipitated by Ab-L (lane 2) but not by the
of 32P-labeled DR1 COUP-TF response element (lane 1) in the presen
uclear extracts forms a specific complex with the DR1 element (la
ane 3) and supershifted by the hCOUP-TF Ab (lane 4). The bigge
upershifts the specific complex (lane 6), whereas the preimmune se
, 7, and 8, respectively).ucleus. The intracellular localization of SpCOUP-TF W
Copyright © 2000 by Academic Press. All righthanged following fertilization. As early as the two-cell-
tage embryo, the protein began to accumulate at the rim of
mbryonic nuclei (Fig. 3C). This staining pattern was con-
rmed by double labeling of the embryos with Ab-L and the
NA dye Hoechst to reveal the position of the nuclei (Fig.
F, a and b). Although a small portion of the protein seems
o remain in the cytoplasm, the localization of SpCOUP-TF
o the nuclear rim was observed in all cells of the embryo
nd appeared to intensify at later developmental stages
Figs. 3D and 3E). Double labeling with Ab-L and antibody
translated mCOUP-TF, relative molecular mass 43 kDa (lane 1,
mune serum (lane 3) or Ab-N (lane 4) and Ab-D (lane 5). (B) EMSA
f HeLa nuclear extracts (lanes 2–8). hCOUP-TF present in the HeLa
, arrow), which is completed by 4003 cold specific competitor (SC,
plex seen in lane 2 does not contain hCOUP-TF (see text). Ab-L
(pre), Ab-N, and Ab-D do not have any effect on its mobility (lanesitro
preim
ce o
ne 2
r com
rum3-1 raised against the sea urchin lamin-B (Holy et al.,
s of reproduction in any form reserved.
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289Intracellular Movements of COUP-TF in Embryonic Cells1995) demonstrated that SpCOUP-TF colocalizes with the
sea urchin lamin of the nuclear lamina (Figs. 4A–4C). In
some embryonic cells, staining of the nuclear periphery was
not homogeneous and SpCOUP-TF was detected as patches
from where ridges of protein appear to project toward the
FIG. 3. Localization of SpCOUP-TF in interphase cells. Confo-
al micrographs of S. purpuratus: (A) oocytes and (B) mature
ggs stained with Ab-L. SpCOUP-TF is in the nucleolus (nu)
f the oocyte and in speckles in the oocyte and egg cyto-
lasm. The pronucleus (pn) of the mature egg does not
ontain SpCOUP-TF; (C) 2-cell-stage embryos, (D) 4-cell-stage
mbryos, and (E) 60-cell-stage embryos stained with Ab-L.
pCOUP-TF is detected in the nuclear rim. (F) Epifluorescent
mage of 16-cell stage double labeled with Ab-L (a) and Hoechst
b). nu, nucleolus; pn, pronucleus. (A, B, E) 4003; (C, D) 6003; (F)
10003.interior of the nucleus (Fig. 4A, arrow).
Copyright © 2000 by Academic Press. All rightThe Nuclear Receptor SpCOUP-TF Is Associated
with the Condensed Chromosomes in Mitotic
Embryonic Cells
Upon nuclear envelope and lamina breakdown
SpCOUP-TF was detected on the condensed, anaphase
chromosomes in 2-, 4-, and 16-cell-stage embryos (Figs.
5A–5C). The micromeres of the 16-cell-stage embryo,
which are still in interphase, while the rest of the blas-
tomeres continue to divide, showed the localization of
SpCOUP-TF at the nuclear periphery (Fig. 5C). However,
upon micromere entrance into mitosis SpCOUP-TF was
also found on the condensed chromosomes (Fig. 5D). In
dividing cells of the 60-cell-stage embryo, SpCOUP-TF was
found on the chromosomes, whereas in interphase cells,
most of the factor colocalized with the nuclear lamina (Fig.
5E).
Use of either Ab-D or Ab-N revealed the same
SpCOUP-TF nuclear trafficking as Ab-L. The nuclear rim
staining was obtained with Ab-D (Fig. 5F, micromeres) as
well as by using a total immunoglobulin fraction of Ab-N
(not shown). During mitosis, Ab-D detected SpCOUP-TF on
condensed chromatin (Fig. 5F) as confirmed also by double
labeling of the embryos with Hoechst (Figs. 5G and 5H).
The fact that all three SpCOUP-TF antibodies raised against
different domains of the transcription factor generated
identical patterns of staining further confirms that the
observed staining was specific for SpCOUP-TF. Minor dif-
ferences in the patterns of staining of the three antibodies
might reflect differential exposure of the respective
epitopes during the various stages of the cell cycle.
Immunodepletion of Ab-L by the specific antigen prior to
incubation with the embryos failed to produce specific
nuclear staining (Fig. 5I). The apical fluorescence that we
observe in this case most likely reflects the formation of
antibody–antigen precipitates that cannot enter the em-
bryo. Furthermore, use of the preimmune serum obtained
before immunization with antigen-L did not produce any
specific staining (Fig. 5J). In a different set of experiments
that involved whole mount immunofluorescence of
paraformaldehyde-fixed embryos, or indirect immunocyto-
chemistry using sections of Bouin’s-fixed embryos and
light microscopy, the same intracellular distribution of
SpCOUP-TF during the cell cycle were observed, indicating
that the results did not depend on the type of fixative or
method used (not shown).
Cell-Cycle-Related Intracellular Localization of
SpCOUP-TF
The cell cycle contingency of SpCOUP-TF subcellular
localization was further demonstrated by double labeling of
the embryos with Ab-L and a tubulin antibody which
reveals the organization of the microtubule network within
embryonic cells (Fig. 6). During the short interphase and up
to early prophase, as denoted by the duplicated centrosome
(Fig. 6B, arrowhead), most of SpCOUP-TF appeared to reside
at the area of the nuclear periphery (Fig. 6A, arrowhead).
s of reproduction in any form reserved.
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nuclear interior (Fig. 6A). As the cell proceeds into mitosis,
microtubules are organized into the mitotic spindle and the
emergent astral rays are evident (Fig. 6B, arrow). At late
prophase, the nuclear rim staining of SpCOUP-TF became
more patchy and the observed signal was more diffuse and
more clearly appeared on the condensing chromatin (Fig.
6A, arrow). During the anaphase expansion of the mitotic
asters (Fig. 6E, arrowhead), SpCOUP-TF localized on the
chromosomes (Fig. 6D, arrowhead). At telophase, as the
cleavage furrow forms at the midzone of the mitotic spindle
(Figs. 6E and 6H, arrows), a time when the nuclear lamina/
envelope reappears onto the decondensing chromosomes,
SpCOUP-TF is detected initially to membrane-like struc-
tures and later to the newly formed nuclear rim (Figs. 6D
FIG. 4. SpCOUP-TF colocalizes with the lamin at the nuclear pe
abeled with Ab-L (A) and the lamin Ab W3-1 (B). (C) Anaglyph ima
n A points to the protrusions of SpCOUP-TF staining toward th
hromosomal distribution of SpCOUP-TF. 4003.and 6G, arrows).
Copyright © 2000 by Academic Press. All rightSubcellular Localization of myc-Tagged COUP-TF
Proteins
To confirm the subcellular localization of COUP-TF, four
different COUP-TF constructs were created to express fu-
sion proteins carrying two myc tags in tandem at their
N-terminus (Fig. 7). hCOUP-TF encodes the entire human
COUP-TFI and it is considered the wild-type protein in this
series of experiments. DDCOUP-TF lacks 29 amino acids
(a.a. 125–153) which encompass the second Zn21 finger of
the DBD of hCOUP-TFI, and DCOUP-TF contains a dele-
tion of 101 amino acids (a.a. 243–344) within the LBD of the
receptor. Since the N-termini of the sea urchin and human
COUP-TFs are divergent, a fusion construct between the
two receptors was generated in which 82 amino acids of the
ry. Magnification of a section from a 60-cell-stage embryo double
he patchy staining of the nuclear periphery can be seen. The arrow
cleus interior. One cell found in mitosis (arrowhead) depicts theriphe
ge. T
e nuN-terminus of hCOUP-TF were deleted and replaced with
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightthe first 135 amino acids of the SpCOUP-TF receptor. We
call this hybrid molecule FCOUP-TF.
All four RNAs encoding the wild-type and mutant pro-
teins were injected into sea urchin zygotes at concentra-
tions that should deliver about 106 molecules per egg. In
order to study the intracellular distribution of the exog-
enous proteins, injected embryos were fixed at the 16- to
32-cell stage and processed for indirect immunofluores-
cence. The myc monoclonal antibody was used to identify
the exogenous proteins. The injection experiments were
repeated nine times for the wild-type hCOUP-TF and five
times for each of the other three RNAs, with each experi-
ment including an average of 100 injected embryos. Al-
though exact quantitation of the in vivo translated proteins
was not feasible, the intensity of the signals detected under
the same microscope settings suggested that the cellular
amounts of the proteins produced by the injected RNAs
were within the same order of magnitude between one
another.
During cell division, hCOUP-TF showed a cell-cycle-
dependent intracellular distribution that was similar in
most respects to the endogenous SpCOUP-TF (Figs. 8A and
8B), clearly following the mitotic conformations and move-
ments of chromatin (Figs. 8C–8F). The human receptor was
detected on the metaphase plate (Fig. 8C, arrow) and on the
separating chromosomes during anaphase (Fig. 8D, double
arrow). In interphase cells, hCOUP-TF was found both in
the periphery and inside the blastomeric nuclei. Unlike
SpCOUP-TF, which was mostly restricted to the nu-
clear periphery during interphase (Fig. 8B, arrowhead),
hCOUP-TF was also present throughout the nucleus in
many of the observed nuclei (Fig. 8D, arrowhead). A few
IG. 5. Localization of SpCOUP-TF in mitotic cells. The distri-
ution of SpCOUP-TF during the second (A), third (B), and fourth
C) cleavages of S. purpuratus embryonic cells is revealed by
taining with Ab-L and confocal microscopy analysis. (C) 16-cell-
tage embryo with the mesomeres and macromeres being in
naphase and the micromeres in interphase. The chromosomal and
uclear rim respectively localization of SpCOUP-TF can be seen.
D) 32-cell-stage embryo stained with Ab-L. The embryo is viewed
rom the vegetal pole so as to see the micromeres that divide and
he staining of their chromosomes. (E) 60-cell stage embryo stained
ith Ab-L. In some cells SpCOUP-TF is detected at the nuclear rim
nd in others on the condensed chromatin. (F) 16-cell stage embryo
tained with Ab-D. In the dividing mesomeres and macromeres
pCOUP-TF is on the condensed chromatin and in the resting
icromeres the factor is at the nuclear periphery. (G–H) Epifluo-
escent image of 16-cell-stage embryo double labeled with Ab-D (G)
nd Hoechst (H). (I) 60-cell-stage embryo incubated with immu-
odepleted Ab-L by Ag-L. Note the lack of any chromosomal or
uclear rim staining. (J) 60-cell-stage embryo stained with the
reimmune serum. me, mesomeres; ma, macromeres; mi, micro-
eres. (A, B) 6003; (C–F and I–J) 4003; (G, H) 10003.s of reproduction in any form reserved.
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292 Vlahou and FlytzanisIG. 6. Cell cycle dependence of the intracellular localization of SpCOUP-TF. Confocal micrographs of 32-cell-stage embryo (A–C and
–I) and 16-cell-stage embryo (D–F) double labeled with Ab-L (A, D, G) and tubulin Ab (B, E, H). (A–C and G–I) Sections of the same embryo
iewed from the vegetal and animal pole, respectively. At early prophase, SpCOUP-TF is mostly in the area of the nuclear lamina/envelope
A, arrowhead). The duplicated centrosome at this cell is shown (B, arrowhead). Staining with Ab-L becomes more diffuse at late prophase
A, arrow). At this stage microtubules are already organized into the mitotic spindle (B, arrow). (C) Anaglyph image of A and B. During
naphse SpCOUP-TF is found on the chromosomes (D, arrowhead). At this stage the mitotic spindle has expanded (E, arrowhead). At
elophase, SpCOUP-TF can be detected to membrane-like structures initially (D, arrow) and later to the reforming nuclear periphery (G,
rrow). The organization of microtubules at these stages is shown in E and H (arrows), respectively. (F) Anaglyph image of D and E. (I)
naglyph image of G and H (magnification 4003).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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293Intracellular Movements of COUP-TF in Embryonic Cellsblastomeres did exhibit the nuclear rim pattern of staining
(Fig. 8E, arrowheads) suggesting that to some extent the
human factor shares the interphase distribution of the sea
urchin receptor. In late telophase, hCOUP-TF was detected
in association with diffuse structures, which may indicate
the formation of the new nuclear lamina/envelope (Fig. 8F,
arrowhead), similar to the ones observed with the antibod-
ies against the endogenous protein.
Similar to the wild-type human and the endogenous
SpCOUP-TF, the sea urchin–human hybrid protein,
FCOUP-TF, appeared attached to the chromosomes during
mitosis (Figs. 9A and 9B, arrowheads). In interphase,
FCOUP-TF was enriched in the area of the nuclear periph-
ery of most observed nuclei (Figs. 9A and 9C, arrows). In
this respect, the N-termini exchange resulted in a protein
which behaved more similarly to the endogenous sea ur-
chin receptor. We assume that the SpCOUP-TF N-terminus
may contain sites which facilitate its positioning on inter-
phase nuclear lamina/envelope. Since FCOUP-TF was also
detected throughout the nucleoplasm in some blastomeres
(Fig. 9B, arrow), it seems likely that the endogenous
SpCOUP-TF may possess additional interaction sites that
mediate its confinement to the nuclear rim in interphase.
Deletion of the DBD (DDCOUP-TF) resulted in a mostly
nuclear protein which did not exhibit any nuclear periphery
or chromosomal association during the cell cycle.
DDCOUP-TF was always seen accumulating into the blas-
tomeric nuclei in a speckled pattern (Fig. 9D, arrow). This
finding indicates that the ability of the receptor to translo-
cate to the nucleus was not disrupted by the mutation.
DDCOUP-TF though was also detected in the cytoplasm of
the embryonic blastomeres in a somewhat higher amount
than the other wild-type and mutant proteins.
Lack of the LBD region between amino acids 243 and 344
of hCOUP-TF (DCOUP-TF) severely reduced the protein
accumulation in vivo, since immunofluorescence of em-
ryos injected with DCOUP-TF RNA (Fig. 9E) showed very
ow staining intensity, relative to the uninjected control
mbryos (Fig. 9F). In contrast, in vitro translation of
COUP-TF RNA produced comparable amounts of protein
ith the other RNAs (not shown). These data suggest that
he 243- to 344-amino-acid deletion results in an unstable
rotein in the sea urchin zygote that is degraded soon after
ts synthesis.
DISCUSSION
In this paper, we report the intracellular distribution of
the endogenous transcription factor SpCOUP-TF and the
exogenous human COUP-TFs during the early stages of sea
urchin embryonic development. This distribution was re-
vealed with the use of polyclonal antibodies raised against
different domains of the sea urchin factor and a monoclonal
myc-Ab which recognizes the tagged exogenous proteins.
SpCOUP-TF is synthesized during oogenesis, as indicated a
Copyright © 2000 by Academic Press. All righty the presence of the factor in the cytoplasm and in the
ucleolus of the developing oocyte. Its function in the
ucleolus is a matter of speculation at this point.
pCOUP-TF might be involved in the transcription of
ibosomal RNA (Mona et al., 1991) or the repression of
enes that are included in the heterochromatin found at the
eriphery of the nucleolus (Comings, 1980). Following the
erminal vesicle breakdown and the synchronous disinte-
ration of the nucleolus, in the postmeiotic mature egg,
pCOUP-TF was visible only in the cytoplasm stored in
erceivable vesicles perhaps in an inactive form. The sub-
equent translocation most of SpCOUP-TF from the cyto-
lasm to the nucleus, detected as early as the two-cell stage,
uggests that it might be a downstream effect of the
ctivation of the cell cycle which is triggered by fertiliza-
ion. Downstream events of fertilization in sea urchins
nvolve a cascade of ionic changes, activation of protein
inases (Ciapa and Whitaker, 1986; Moore and Kinsey,
995), changes in cAMP levels, and cAMP-dependent pro-
ein kinase in the egg cytoplasm (Moore and Kinsey, 1995).
OUP-TFs contain phosphorylation sites which have been
mplicated in the activation of the mammalian protein in
issue culture cells in response to cAMP-dependent protein
inase (Power et al., 1991). It is thus possible that fertiliza-
ion in addition to the activation of the cell cycle triggers
hosphorylation of the COUP-TF receptor that ultimately
esults in its association with the nuclear trafficking ma-
hinery. Alternatively, the egg cytosol may contain a pre-
umptive SpCOUP-TF ligand, which, after fertilization,
inds and activates SpCOUP-TF, triggering, thus, its trans-
ocation to the nucleus. In any case the protein detected at
his stage may belong exclusively to the maternal
pCOUP-TF component which transits from the cytoplasm
nto the nuclear compartment, or it may also include
dditional newly synthesized SpCOUP-TF from the mater-
al RNA. In view of the asymmetric distribution of the
OUP-TF mRNA at these stages (Vlahou et al., 1996), the
lastomeres of the two-cell-stage embryo should contain
ifferent amounts of this transcription factor. The differen-
ial segregation of SpCOUP-TF may help establish early
atterns of spatially restricted gene activity.
To our knowledge, the localization of COUP-TF at the
eriphery of the nucleus in the area of the nuclear lamina is
novel pattern of nuclear compartmentalization which has
ot been previously described for a member of the steroid–
hyroid–retinoic acid receptor superfamily—or any well-
haracterized transcription factor. Based solely on bio-
hemical studies, association of androgen receptor and
odothyronine receptor with nuclear matrix components
as been previously suggested (Rennie et al., 1983; Kumara-
iri et al., 1986). Whether SpCOUP-TF is a nuclear matrix
rotein associating with the lamins (Georgatos et al., 1994),
hether it interacts with non-lamin antigens or other
uclear proteins present at the nuclear periphery (Chaly et
l., 1984; Wataya-Kaneda et al., 1987; McKeon et al., 1984;
s of reproduction in any form reserved.
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294 Vlahou and FlytzanisSchatten et al., 1985; Mancini et al., 1994), or whether the
eceptor binds directly to chromatin in the area of nuclear
eriphery is unclear. Interestingly, during the rapid cell
ycle phase of the sea urchin embryo, lamin B and a
eripheral nuclear antigen, P1, have been shown to be
etained in or around the chromosomes in a pattern very
imilar to that observed for COUP-TF (Schatten et al., 1985;
cKeon et al., 1984). In our experiments, we did not
bserve any chromosomal staining with the lamin B anti-
ody we used. This may be due to the fact that this antibody
s different to the one used by Schatten et al. (1985), and as
result it may recognize a different lamin B epitope.
The introduction of wild-type and mutant human
OUP-TFs into sea urchin embryos was undertaken to
dentify the conserved protein domains that are impor-
ant for the observed intracellular distribution. These
lements were apparently conserved in the evolution of
ea urchin and humans since the human orthologue
xhibited the essential features of the endogenous
pCOUP-TF trafficking in the sea urchin embryo from
he area of the interphase lamina to the mitotic chromo-
omes. Deletion of the second zinc finger, CII, within the
NA-binding domain of hCOUP-TF rendered the mole-
ule incapable of binding DNA in vitro (data not shown)
nd abolished the association of the receptor with either
he interphase nuclear periphery or the mitotic chromo-
omes. This indicates that the highly conserved DBD of
he transcription factor comprises a necessary mediator
f this process. It is worth noting that the sea urchin
uclear receptor SpSHR2, which has 65% identical
mino acids with SpCOUP-TF within the DNA-binding
omain and binds specifically to the same response
lements, does not associate with the nuclear lamina nor
he condensed mitotic chromosomes (Kontrogianni-
onstantopoulos et al., 1998). Following fertilization,
pSHR2 migrates from the cytoplasm of the egg to the
mbryonic nucleus, where it has a speckled appearance
imilar to that observed with other transcription factors.
In interphase, the wild-type hCOUP-TF was detected
n the nucleus and at the nuclear periphery similar to the
IG. 7. Map of the human COUP-TF mRNAs introduced into sea
f each deletion are noted with the corresponding amino acid numbe
egion, and LBD of hCOUP-TFI, respectively. hCOUP-TF, DDCOUP
ags in the pCDNA3 vector. The deleted region of the hCOUP-TF
-terminus (striped bar), for the generation of the FCOUP-TF, arendogenous factor. The substitution of hCOUP-TF’s c
Copyright © 2000 by Academic Press. All right-terminal domain with the sea urchin one (FCOUP-TF)
ppeared to refine the nuclear periphery association sug-
esting that possible attachment sites reside in the
nique SpCOUP-TF N-terminus. Thus the endogenous
pCOUP-TF N-terminal domain seems to constitute a
econd site of specific intermolecular interactions neces-
ary for the correct subcellular positioning of the nuclear
eceptor during the cell cycle.
It is reasonable to propose that both the nuclear envelope
nd the chromosomal associations of COUP-TF are coupled
vents, which maybe mediated through shared protein–
NA and protein–protein interactions. These interactions
ay ensure that: (a) SpCOUP-TF remains in proximity to
he DNA, and in this way, it can mediate transcriptional
egulation of early genes in the interphase nuclei; and (b)
ollowing mitosis, SpCOUP-TF is readily redistributed to
he nuclei of the daughter cells. The strict time constraints
mposed by the rapid embryonic cell divisions may not
llow the factor to enter rapidly into the daughter nuclei if
eleased in the cytoplasm during prophase. For that reason,
pCOUP-TF may segregate with the fraction of lamins
hich remain chromosomal and, thus, use the chromo-
omes as a vehicle for its conveyance to the daughter
uclei. If this is the case, SpCOUP-TF might be considered
“chromosomal passenger,” a term that has been used for
he INCENP antigens (Earnshaw and Bernat, 1990; Rattner,
992). These have been shown to transiently bind the
itotic chromosomes in order to ensure their transfer to
ytoskeletal elements of the mitotic spindle. Alternatively,
t is also possible that SpCOUP-TF is actively involved and
lays a regulatory role in the organization of chromatin
uring mitosis. The nuclear envelope and lamina provide
tructural support and play a coordinate role during the first
teps of chromatin condensation (Chaly and Brown, 1988).
owever, after the nuclear envelope and lamina are dis-
antled, this role is hypothesized to be undertaken by
eripheral nuclear matrix proteins (Chaly et al., 1984; He et
l., 1995). If SpCOUP-TF acts as a bona fide nuclear matrix
rotein, it may contribute to the structural integrity of the
n embryos. The limits of each hCOUP-TFI domain and the extent
ove the map. A/B, C, D, and E refer to the N-terminus, DBD, hinge
and DCOUP-TF fragments were inserted downstream of two myc
rminus (between the dashed lines) and the inserted SpCOUP-TF
shown.urchi
rs ab
-TF,
N-tehromosomes during mitosis.
s of reproduction in any form reserved.
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295Intracellular Movements of COUP-TF in Embryonic CellsIG. 8. Distribution of exogenous human COUP-TF in early sea urchin embryos. Confocal optical sections of uninjected embryo
mmunostained with Ab-L (A, B) and embryos injected with hCOUP-TF mRNA and immunostained with myc Ab (C–F). (A, B) Two
ifferent optical sections of the same 16-cell-stage embryo showing animal (A) and vegetal (B) blastomeres. Note the chromosomal
ocalization of SpCOUP-TF in dividing meso- and macromeres (A and B) and the nuclear periphery localization in interphase micromeres
B). (C, D) Two different confocal optical sections of the same 16-cell-stage embryos expressing the injected hCOUP-TF and immunostained
ith the myc Ab, depicting the distribution of hCOUP-TF in interphase nuclei and during mitosis. hCOUP-TF is detected at the metaphase
late (C, arrow) and the separating chromosomes during anaphase (D, arrows). (E) In interphase blastomeres of 16-cell-stage embryos,
COUP-TF is found throughout the nucleus (as in D, arrowhead) and, in a few cases, in the area of the nuclear lamina (E, arrowheads). (F)
n 8-cell-stage blastomeres, at late telophase, hCOUP-TF is seen on the decondencing chromosomes (arrowhead). Magnification, 4003.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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296 Vlahou and FlytzanisIG. 9. Intracellular localization of the exogenous fusion FCOUP-TF protein and the deletion mutants DDCOUP-TF and DCOUP-TF in
arly sea urchin embryos. (A, B) Confocal sections of 32-cell-stage embryos expressing injected FCOUP-TF mRNA and stained with the myc
b. In interphase, FCOUP-TF is localized in the area of the nuclear periphery (A, arrow) or sometimes throughout the nucleus (B, arrow).
n mitotic blastomeres, FCOUP-TF is localized on the chromosomes (metaphase plate marked by arrowhead in A and anaphase marked by
ouble arrowheads in B). (C) The blastomeres of this 16-cell-stage embryo show clearly the nuclear periphery localization of FCOUP-TF in
nterphase. (D) Confocal optical section of a 16-cell-stage embryo expressing DDCOUP-TF. The arrow points to the mostly nuclear but
iffused localization of the protein. (E) Confocal optical section of a 16-cell-stage embryo expressing DCOUP-TF. Note the apparent lack
f immunostaining. (F) Uninjected 16-cell-stage embryo immunostained with the myc Ab as a control. Magnification, 4003.
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